Introduction
In a recent worldwide study of Bangiales (Rhodophyta) based on molecular analysis using nuclear SSU rRNA and chloroplast rbcL regions, Sutherland et al. (2011) recognized the existence of fifteen genera of which seven are filamentous and eight foliose. Of the foliose genera, Porphyra sensu lato, which has representatives in all seas, has undergone many changes in its classification in the last decade (e.g. Anilkumar & Rao 2005 , Yoshida et al. 2005 , Kikuchi et al. 2010 , Kucera & Saunders 2012 , Mateo-Cid et al. 2012 , Nelson 2013 .
The economic and cultural importance of Porphyra sensu lato is widely known and appreciated in Asian countries, notably Japan and China, North and South America, Australia and New Zealand (Aguilar-Rosas et al. 1998 , Jian & Chen 2001 , He & Yarish 2006 , Blouin et al. 2011 ) and has been one of the red algal genera with the largest production and marketing worldwide. In Chile, species of the genus Pyropia and Porphyra, specifically the taxon known as Porphyra columbina Montagne (now Pyropia columbina (Montagne) W.A Nelson), are commonly called "luche" or "luchi" and have been harvested and consumed since the late Pleistocene by coastal populations in the country (Seguel & Santelices 1988 , Buschmann et al. 2001 , González & Santelices 2003 , Dillehay et al. 2008 . It is reported that the species under the name Porphyra columbina is highly seasonal and grows abundantly between September and March along the upper intertidal zone of the Chilean coast from Arica (18° S) to Tierra del Fuego (55° S) (Ramírez & Santelices 1991 , Hoffmann & Santelices 1997 . It is also known that this species may lose up to 90% of fresh weight during low tide (Contreras-Porcia et al. 2011) and several mechanisms of tolerance are activated during this adverse cellular condition in comparison with many other species (Contreras-Porcia et al. 2011 , 2013 López-Cristoffanini et al. 2013; Flores-Molina et al. 2014) . Nevertheless, the identity of the taxon "Porphyra columbina" in Chile has been questioned principally because (1) the majority of Chilean specimens to which this name has been applied belong to warm temperate localities (see discussion in ) and (2) because the external morphology of specimens assigned to Porphyra columbina in the Chilean coast is not consistent with the original description by Montagne (1842) or specimens recently reevaluated by . Thus, given their importance in ecophysiological studies, aquaculture management plans and biotechnological applications, it is crucial to classify this species and to be able to distinguish it from the many other foliose Bangiales, the majority of which are undescribed (J. Brodie, L. Contreras-Porcia, M.E. Ramírez, E. Macaya & M.L. Guillemin, unpublished data) along the Chilean coast.
Molecular studies have revealed cryptic speciation within the genus Porphyra sensu lato (e.g. Broom et al. 1999 , Brodie et al. 2007 , Lindstrom 2008 . Brodie et al. (in preparation) , who sequenced samples of a foliose species assigned to "Porphyra columbina" collected from the length of the Chilean coast, concluded, as had Sutherland et al. (2011) , that there was no evidence of this species in the Chilean flora. They also concluded that, within the foliose genera documented by Sutherland et al. (2011) , at least three are present in Chile: Porphyra, Pyropia and Wildemania. Gross morphology within and between species is extremely diverse, varying from linear through ovate, to orbicular or funnel shaped, with entire or dentate, planar, undulate margins, and a variable colour (including yellow, olive green, brown and red-brown). In this context, and taking into account new molecular data gathered from 197 samples distributed from Arica (18° S) to Tierra del Fuego (55° S) (J. Brodie, L. Contreras-Porcia, M.E. Ramírez, E. Macaya & M.L. Guillemin, unpublished data) , the morphological and molecular data suggest the absence of Porphyra columbina along the Chilean coast. The aim of the present study is to document and clarify the taxonomic status of one of these populations, previously known under the name "Porphyra columbina", present on the Central coast of Chile (Maitencillo beach, Valparaíso) based on morphological and molecular analysis of COI and rbcL genes.
Materials And Methods
Collection of samples:-A total of one hundred Porphyra specimens previously identified as "Porphyra columbina" were collected from the upper and mid intertidal zone with low wave exposure along 300-500 m of coastline from Maitencillo beach, Valparaíso, Chile (32° 39' S, 71° 26' W) from January 2012 to January 2013. Samples were stored immediately in plastic bags containing seawater and transported to the laboratory in a cooler at 5-7 °C. In the laboratory, algae were rinsed with 0.22 µm-filtered seawater and immediately pressed as herbarium vouchers. Subsamples were dried in desiccant silica gel (Vetec Analytical Reagents, Brazil) for subsequent DNA analysis, and other subsamples kept in filtered fresh seawater at 14 ± 2 ºC, under a 30-50 µmol m -1 s -1 photon flux density (Growth Chamber W-19, Amilab, Chile) prior to morphological analysis. The holotype specimen (MAI0007) was housed in the herbarium of the National Museum of Natural History, Chile, under the number SGO162483. One isotype (MAI0006) was housed in the Colección de Flora y Fauna Prof. Patricio Sánchez Reyes (SSUC), Departamento de Ecología, Pontificia Universidad Católica de Chile (SSUC-7758).
Morphological observations:-Thallus shape, colour, texture and rhizoid disposition was described from fifty plants. Also, microscopic observations of hand-cut transverse sections were used to determine the tissue thickness, number of cell layers and identification of reproductive structures. Dimensions of vegetative cells, rhizoidal cells and reproductive tissue (i.e. zygotosporangium and spermatangium) were measured and the number and size of zygotospores per zygotosporangium, and spermatia per spermatangium were recorded. Images were made using a Nikon Microscopy Unit (Nikon Corp. Tokyo, Japan) coupled to a digital recording system (CoolSNAP-Procf, Media Cybernetics, Silver Spring, MD, USA) and analyzed using the Image Pro Plus Version 4.5 software (Media Cybernetics, Silver Spring, MD, USA).
DNA extraction and amplification:-Dried algal tissue was finely ground in liquid nitrogen. DNA was extracted following the protocol described by Saunders (1993) , slightly modified by Faugeron et al. (2001) . COI-5P was amplified using the primer pair GazF1 (5'-TCA ACA AAT CAT AAA GAT ATT GG -3') and GazR1 (5'-ACT TCT GGA TGT CCA AAA AAY CA -3'), following the amplification protocols of Saunders (2005) . The chloroplastic gene rbcL, encoding the large subunit of the ribulose-1,5-bisphosphate carboxylase/oxygenase enzyme, was amplified using the primers F-rbcL (5'-TTG CAT AYG ATA TTG ATY TAT TTG AA-3') and R-rbcS (5'-RAG CTG TTT KTA AAG GWC CAC AA-3') and protocols published previously (Hommersand et al. 1994 , Fredericq & López-Bautista 2002 . For both markers, PCR amplifications were performed in a Perkin Elmer Gene Amp PCR System 9700 (Applied Biosystems, Foster City, USA). All PCR products were purified using UltraClean TM DNA Purification kits (MO BIO Laboratories, Carlsbad, USA) and sequenced using the forward and reverse amplification primers by Macrogen Inc. (Seoul, South Korea). Sequences were edited using Chromas v. 2.33 (McCarthy 1997) and alignments were obtained using the CLUSTAL function of Mega v 5 (Tamura et al. 2011) .
Sequences were obtained from 14 specimens (604 bp for the COI and 876 bp for the rbcL) and deposited in GenBank. Specimen collection information and GenBank accession numbers are detailed in Table 1 . In addition to the new sequences of Pyropia orbicularis sp. nov. obtained in this study, 57 COI and 317 rbcL sequences were retrieved from GenBank for further analyses. A complete list of specimens used in the molecular analyses is detailed in Table 2 . Molecular analysis:-Two data sets were created for the COI and the rbcL, respectively. Three species belonging to the genus Porphyra were used as outgroups (i.e. P. mumfordii, P. purpurea and P. umbilicalis, Table  2 ). Each sequence data set was partitioned according to codon position. The best-fit models were estimated independently for each partition by the Akaike Information Criteria (AIC) implemented in TREEFINDER (Jobb et al. 2004 ) and the parameters of the different substitution models were estimated independently for each partition. AIC identified J2 + G model for the first codon position of the rbcL, J3 + G for the second codon position of the rbcL, J1 + G for the first codon position of the COI, GTR + G for the second codon position of the COI, and HKY for the third codon position of both genes. Phylogenetic relationships were inferred with a mixed model in a Maximum Likelihood (ML) framework by using TREEFINDER, version January 2008 (Jobb et al. 2004 ) and support for the nodes was assessed with 1,000 bootstrap pseudoreplicates.
Bayesian inference (BI) was performed using the general type of the best fit model parameters defined for each dataset using MrBayes v 3.1.2 (Huelsenbeck & Ronquist 2001) . Four independent analyses were run with four chains each, for five million generations. Trees and parameters were sampled every 1,000 generations and the default parameters were used to fit temperature and swapping. The first 25% of sampled trees were discarded as "burn-in" to ensure stabilization. The remaining trees were used to compute a consensus topology and posterior probability values.
Inter-and intraspecific uncorrected p-distances, were calculated in Mega v 5 (Tamura et al. 2011) . Interspecific measures correspond to the pairwise distances between the Pyropia specimens used in the tree reconstruction; here the sequence of MAI0007 (i.e. holotype specimen, SGO162483) was used for Pyropia orbicularis sp. nov. Intraspecific sequence divergence was estimated in 12 species of Porphyra (2 for the COI and 12 for the rbcL, respectively) and 29 species of Pyropia (4 for the COI and 26 for the rbcL, respectively) for which multiple sequences were available in GenBank (Table 2) .
Results
Pyropia orbicularis M.E. Ramírez, Gametophyte blades orbicular, 2.8-14.0 cm high and 4-16 cm wide, with an irregular undulate margin; monostromatic, 36-139 µm thick in transverse section, attached to rocky substratum by abundant rhizoidal cells at the base of the thallus. Colour green-grey to brown on outer edges. Vegetative cells with a single stellate chloroplast. Monoecious; reproductive structures marginal; spermatangial sori pale golden patches interspersed with dark red zygotosporangia and sterile cells; zygotosporangia in packets of a2/b2/c2 and spermatangia in packets of a4/b4/c4. Molecular analysis:-For the chloroplast marker rbcL (876 bp), only one haplotype was observed for the 13 sequenced individuals of Pyropia orbicularis sp. nov. Three haplotypes were detected for the mitochondrial marker COI, with 3 polymorphic sites along the 604 base pairs fragment sequenced (13 sequenced individuals, Table 1 ). Figures 9 and 10 show the Maximum Likelihood (ML) phylograms constructed with the rbcL sequences of 89 Pyropia specimens, and the COI sequences of 34 Pyropia specimens, respectively. For both genes, tree topologies based on Bayesian and ML analyses were largely congruent and shared comparable support values for major nodes (Figs. 9 and 10) . For the COI, all specimens from Maitencillo beach form a strongly supported monophyletic lineage (support values >99%, Fig. 10 ). For the rbcL, the gene where the more complete data set is available, Pyropia orbicularis sp. nov. forms a strongly supported monophyletic clade with Pyropia sp. FIC collected in Port Stanley in the East Falkland Island ) (support values >99%, Fig. 9 ). The uncorrected p-distance between P. orbicularis sp. nov. and Pyropia sp. FIC is of 0.57 % for the rbcL (i.e. 5 substitutions). Pyropia orbicularis sp. nov. is part of a well-supported clade encompassing 16 Pyropia species from the southern hemisphere that includes specimens from the Southern Ocean (King George Island), the South Atlantic (South Africa and Falkland Islands) and the South Pacific (North, South, Chatham, Stewart, Auckland, and Campbell Islands, New Zealand, New South Wales, and Macquarie Island, Australia) ( Fig. 9 ). This southern hemisphere clade includes P. columbina , where the uncorrected p-distance between P. orbicularis sp. nov. and P. columbina is of 3.11 ± 0.54% for the rbcL (i.e. 27.28 ± 5 substitutions). The COI data set did not enable confirmation of the position of Pyropia sp. FIC as the sister species of P. orbicularis sp. nov. within a southern hemisphere Pyropia clade owing to the low number of Pyropia COI sequences available in GenBank (three times fewer than for the rbcL). Indeed, no COI sequences are available for the 15 other southern hemisphere species. FIGURE 10. Maximum Likelihood (ML) rooted tree for COI sequences (604 bp) of Pyropia. Porphyra mumfordii, Porphyra purpurea and Porphyra umbilicalis, were used as outgroups. For each node, ML bootstrap values and Bayesian Posterior Probabilities are indicated (ML/BPP). Only high support values (>60) are shown; '-' = clade not observed in the Bayesian Inference. Next to collapsed branches are abbreviated species or sequences names, GENBANK accession numbers have been omitted for brevity but are listed in Table 2 .
Interspecific divergences in the genus Pyropia (mean 12.81% for COI and 5.64% for the rbcL) are much deeper than the intraspecific divergences in both the genus Pyropia and Porphyra (mean 0.05% and 0.41% for COI and 0.09% and 0.17% for rbcL, for Pyropia and Porphyra, respectively) ( Table 3) . Between specimens of P. orbicularis sp. nov., intraspecific divergences for the COI range from 0.00% up to 0.66% while for the rbcL, where only one haplotype was detected, intraspecific divergences were of 0.00% (Table 3) . Southern Pacific, the divergence between P. orbicularis and P. columbina is up to 3%. Geographically, P. columbina appears to be confined to the temperate, cold waters of New Zealand's sub-Antarctic Auckland and Campbell Islands, the Antipodes Islands, and the Falkland Islands. Thus, the apparent limitation of the distribution of P. columbina up to 51° S raises questions about the reports of this species on the central coast of Chile.
With molecular phylogenetic analysis, sequences of P. orbicularis from Chile were shown to be similar to the species coded as Pyropia sp. FIC from the Falkland Islands . The values of uncorrected pdistance for the rbcL between P. orbicularis and Pyropia sp. FIC (0.57%) are low and fall within the limit of the Pyropia intraspecific genetic distance for this gene (0.00%-0.82%, Table 3 ). Broom et al. (2010) described some morphological characteristics of the thallus from Pyropia sp. FIC that coincide with the descriptions of P. orbicularis from Maintencillo beach (e.g. male and female regions of the blade intermixed; had a brownish-red thallus, Table 4 ), which could validate the inclusion of Pyropia sp. FIC within P. orbicularis. However, as only one locality has been sampled and only one rbcL haplotype is available for both species it is premature to consider that Pyropia sp. FIC of the Falkland Islands is conspecific with Pyropia orbicularis sp. nov. Another species which is close to P. orbicularis in our phylogenetic analysis is the recently described Pyropia plicata W.A. Nelson from the New Zealand region, distributed in the North, South and Chatham Islands (Nelson 2013 ). However, this species is morphologically different from P. orbicularis primarily in the configuration of the reproductive regions (Table 4 ). According to . 2 According to Montagne (1842) . 3 According to Nelson (2013) .
Considering the large latitudinal gradient along the Pacific coast of Chile where P. columbina was previously reported, a more detailed study of P. orbicularis sp. nov. is needed in order to better determine the amount of genetic diversity present within this species and to delimit its latitudinal range. In addition, a more detailed molecular and morphological analysis of the Bangiales flora from Chile will be necessary to unravel the possible presence of cryptic diversity along the South Eastern Pacific coast. 
